Abstract Chronic N-Methyl-D-aspartate (NMDA) administration, a model of excitotoxicity, and chronic intracerebroventricular lipopolysaccharide infusion, a model of neuroinflammation, are reported to upregulate arachidonic acid incorporation and turnover in rat brain phospholipids as well as enzymes involved in arachidonic acid metabolism. This suggests cross-talk between signaling pathways of excitotoxicity and of neuroinflammation, involving arachidonic acid. To test whether chronic NMDA administrations to rats can upregulate brain markers of neuroinflammation, NMDA (25 mg/kg i.p.) or vehicle (1 ml saline/kg i.p.) was administered daily to adult male rats for 21 days. Protein and mRNA levels of cytokines and other inflammatory markers were measured in the frontal cortex using immunoblot and realtime PCR. Compared with chronic vehicle, chronic NMDA significantly increased protein and mRNA levels of interleukin-1beta, tumor necrosis factor alpha, glial fibrillary acidic protein and inducible nitric oxide synthase. Chronic NMDA receptor overactivation results in increased levels of neuroinflammatory markers in the rat frontal cortex, consistent with cross-talk between excitotoxicity and neuroinflammation. As both processes have been reported in a number of human brain diseases, NMDA receptor inhibitors might be of use in treating neuroinflammation in these diseases.
Introduction
Glutamate is the major natural excitatory neurotransmitter in the mammalian central nervous system. N-Methyl-Daspartate (NMDA) receptors are glutamate-gated calcium channels that play important roles in physiological and pathological conditions [1] . NMDA receptors are present on neurons, microglia, astrocytes, and oligodendrocytes in brain [2] . Binding to these receptors by glutamate or NMDA causes an influx of extracellular calcium into the cell, leading to activation of many calcium-dependent enzymes, including cytosolic phospholipase A 2 (cPLA 2 ) [3, 4] , calmodulin kinase [5] , protein kinase C [6] , phospholipase C [7] , and calcineurin [8] , and also stimulates multiple secondary pathways.
Overactivity of NMDA receptors can result in excitotoxic neuronal death. Excitotoxicity has been implicated in the pathophysiology of various human brain disorders, including Alzheimer disease [9, 10] , Parkinson disease [11] , Huntington disease [12] , schizophrenia [13] , and bipolar disorder [14] [15] [16] . Studies have demonstrated increased concentrations of glutamate and reduced levels of NMDA receptor (NR) subunits in the brain of some of these patients.
Thus, increased levels of glutamate and decreased levels of the NR-1 and NR-3A subunits have been noted in postmortem brain from bipolar patients [13, 17, 18] , while NMDA receptor antagonists or inhibitors of NMDA release have shown some promise in treating Alzheimer disease (e.g. memantine) [19] and bipolar disorder (e.g. lamotrigine). A study also has reported increased NMDA-sensitive glutamate binding in the striatum of Alzheimer and Parkinson patients [20] , further indicating a role for glutamate excitotoxicity in neurodegenerative diseases.
Several studies have suggested cross-talk between excess NMDA receptor function (associated with excitotoxicity) and neuroinflammation. Chronic administration of a subconvulsant dose of NMDA to rats to produce excitotoxicity, as well as chronic intra-cerebroventricular infusion in rats of bacterial lipopolysaccharide (LPS) to produce neuroinflammation, have been reported to decrease brain protein levels of NR-1 or NR-3A, and to increase transcription of cytosolic phospholipase A 2 (cPLA 2 ) through increased binding of its transcription factor, activator protein (AP)-2 in the brain [4, [21] [22] [23] . Additionally, inflammatory cytokines like IL-1b have been reported to upregulate brain cPLA 2 expression by activating AP-2 or NF-jB, transcription factors that are recognized on promoter regions of the cPLA 2 gene [24] [25] [26] [27] . Furthermore, the NMDA receptor antagonists, memantine and MK-801, were reported to protect against LPS-induced neuroinflammation in rats, and memantine attenuated cytotoxic effects of chronic LPS infusion on cholinergic neurons [28] .
In this paper, we wished to see whether cross-talk between experimental NMDA-induced excitoxicity and neuroinflammation could be demonstrated in rat frontal cortex. We chose to measure brain protein and mRNA levels of two inflammatory cytokines, interleukin 1beta (IL-1b) and tumor necrosis factor alpha (TNFa). We also measured brain protein and mRNA levels of glial fibrillary acidic protein (GFAP), a marker of activated astrocytes in neuroinflammation, and of inducible nitric oxide synthase (iNOS), a marker of activated microglia [29] . Based on our prior studies, we administered saline i.p. or 25 mg/kg i.p. NMDA daily for 21 days, and prepared and dissected the rat brain 3 h after the last injection. We analyzed the frontal cortex because we had performed our prior studies with NMDA on the frontal cortex tissue [30, 31] .
Materials and Methods

Animals
The study was conducted following the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (Publication no. 80-23), and was approved by the Animal Care and Use Committee of the Eunice Kennedy Shriver National Institute of Child Health and Human Development. Male CDF-344 rats (weighing 200-215 g, Charles River Laboratories; Wilmington, MA, USA) were randomly assigned to a control group (n = 10) that received vehicle (0.9% saline) once daily for 21 days, and to an NMDA group (n = 10) that received 25 mg/kg NMDA (Sigma Chemical Co., St Louis, MO, USA) once daily for 21 days. The NMDA dose was based on our earlier studies with NMDA in rats [4, 14, 32] . Three hours after the last saline or NMDA injection, a rat was anesthetized with CO 2 and then decapitated. The brain was rapidly excised and the frontal cortex dissected, cut sagittally, frozen in 2-methylbutane at -50°C, and stored at -80°C until use.
Preparation of Cytosol Fractions
Cytosolic fractions were prepared from frontal cortex as previously described [33] . Tissue from control or chronic NMDA administered rats were homogenized in a homogenizing buffer containing 20 mM Tris-HCl (pH 7.4), 2 mM EGTA, 5 mM EDTA, 1.5 mM pepstatin, 2 mM leupeptin, 0.5 mM phenylmethylsulfonyl fluoride, 0.2 U/ ml aprotinin, and 2 mM dithiothreitol, using a polytron homogenizer. The supernatant was centrifuged at 100,000g for 60 min at 4°C. The resulting supernatant was the cytosol fraction. Protein concentration of cytosolic fractions was determined by using Bio-Rad protein reagent (Bio-Rad, Hercules, CA).
Western Blot Analysis
Proteins from cytosolic extracts (65 lg) were separated on 10-20% SDS-polyacrylamide gels (PAGE) (Bio-Rad). Following SDS-PAGE, the proteins were electrophoretically transferred to a nitrocellulose membrane (Bio-Rad). Cytosolic blots were incubated with primary antibodies for IL-1b, TNFa, iNOS and GFAP (1:200) (Santa Cruz Biotech, Santa Cruz, CA) [34] . The blots then were incubated with appropriate HRP-conjugated secondary antibodies (Bio-Rad) and were visualized using a chemiluminescence reaction (Amersham, Piscataway, NJ) on X-ray film (XAR-5, Kodak, Rochester, NY). Optical densities of immunoblot bands were measured using Alpha Innotech Software (Alpha Innotech, San Leandro, CA) and were normalized to b-actin (Sigma) to correct for unequal loading. All experiments were carried out twice with up to 6 independent samples. Values are expressed as percent of control.
Total RNA Isolation and RT-PCR Total RNA was isolated from frontal cortex of control and chronic NMDA-administered rats using an RNeasy lipid
tissue mini kit (Qiagen, Valencia, CA, USA). Expression of IL-1b, TNFa, iNOS and GFAP was determined using specific primers and probes , purchased from TaqMan R gene expression assays (Applied Biosystems). Data were expressed as the level of the target gene mRNA in the NMDA-administered animals normalized to the level of the endogenous control mRNA (b-globulin) and relative to the control rats (saline injected) (calibrator), as previously described [4] . All experiments were carried out in duplicate with six independent samples per group.
Statistical Analysis
Data are expressed as mean ± SEM. Statistical significance was calculated using a two-tailed, unpaired t-test with significance set at P \ 0.05.
Results
As illustrated in Fig. 1 , chronic NMDA administration for 21 days, compared with chronic saline, significantly increased protein levels of the inflammatory cytokines, IL1b (142%; P \ 0.01), TNFa (49%; P \ 0.05), as well of GFAP (67%; P \ 0.05) and iNOS (73%; P \ 0.01) in the rat frontal cortex. As shown in Fig. 2 , chronic NMDA administration for 21 days, compared with chronic saline, also significantly increased mRNA levels of the inflammatory cytokines, IL-1b (5-fold; P \ 0.001), TNFa (1.7-fold; P \ 0.05) as well of GFAP (1.6-fold; P \ 0.05) and iNOS (2.18-fold; P \ 0.05) in the rat frontal cortex.
Discussion
Excitotoxicity and neuroinflammation often have been considered to be two distinct neuropathological processes, although there is considerable evidence for cross-talk between the two (see Introduction). The present results support the existence of cross-talk, since protein and mRNA levels of IL-1b, TNFa, GFAP and iNOS were elevated in the frontal cortex of rats chronically administered a subconvulsant dose of NMDA to produce excitotoxicity. These products are inflammatory (IL-1b and TNFa) cytokines and markers of activated astrocytes (GFAP) and of inflammatory microglia (iNOS) microglia [29, 35] . Earlier studies have reported that single intraperitoneal injection of high doses of NMDA causes convulsions [36] , neuronal damage [37] , and upregulation of immediate early genes in rat and mouse brain [38] . NMDA administered systemically can act directly on the specific receptors located in the brain after passing through the blood-brain barrier [39] . The mechanisms by which chronic NMDA increased the mRNA levels of IL-1b, TNFa, GFAP and iNOS in the rat frontal cortex remain to be clarified. An Fig. 1 Protein levels of IL-1b, TNFa, iNOS and GFAP in frontal cortex of control rats (n = 6) and of chronic NMDAtreated rats (n = 6), measured using immunoblot. Optical densities of immunoblot bands were normalized to b-actin to correct for unequal loading. Values are expressed as percent of control (means ± SEM, *P \ 0.05, **P \ 0.01) earlier study reported that infusion into the rat cortex of the NMDA receptor agonist, cis-2,4-methanoglutamate, increased IL-1b expression [40] . In agreement, we found that chronic i.p. NMDA increased IL-1b protein and mRNA levels in the rat frontal cortex. Studies also have reported that chronic i.p. NMDA as well as chronic intracerebroventricular infusion of LPS upregulated cPLA 2 protein and the level of one of its transcription factors, AP-2, in the rat brain [4, 22] . AP-2 binding sites also have been identified on the promoter region of genes of many cytokines, including IL-1b, TNFa, as well as of GFAP [41, 42] . Consequently, IL-1b, SMFa, and GFAP protein and mRNA may have been increased in our study because of increased AP-2 DNA binding activity.
The increased protein and mRNA levels of GFAP, a marker of astrocyte activation, are a characteristic brain response to diverse insults. Our results are consistent with an earlier report that chronic NMDA administration to rats increased GFAP protein and mRNA in the cortex [43] .
Excitotoxicity in chronic NMDA administered rats was evidenced by increased protein and mRNA levels of iNOS since iNOS is considered a marker of excitotoxicity [44] . A previous study showed that LPS infusion also increased cPLA 2 and iNOS expression, and that iNOS expression was attenuated by cPLA 2 inhibition in glial cells [45] . Because iNOS can be upregulated by PGE 2 , a downstream product of the arachidonic acid that is released from phospholipid by cPLA 2 , increased cPLA 2 activity caused by chronic NMDA may have contributed to the elevated iNOS mRNA in the rat frontal cortex [4] .
We previously reported that this chronic NMDA regimen decreased rat frontal cortex NR-1 and NR-3A subunit densities, and increased cPLA 2 protein, phosphorylation, activity and mRNA levels, without changing expression of secretory sPLA 2 or DNA-binding activity of NF-jB [4] . Furthermore, using equations from our in vivo fatty acid model, we also reported that, compared to controls, chronic NMDA increased the rate of incorporation of plasma unesterified arachidonic acid into brain phospholipids as well as the turnover rate of arachidonic acid within brain phospholipids. These effects were absent 3 h after a single NMDA injection [46] , thus were due only to the chronic regimen. Chronic ventricular LPS infusion similarly increased cPLA 2 protein and mRNA levels in rat brain [16, 23] . Thus, in rat models of excitotoxicity (chronic NMDA administration) and of neuroinflammation (chronic intracerebroventricular LPS infusion), an overlap also exists with regard to an upregulated AA cascade, involving cPLA 2 expression and AA recycling within brain phospholipids.
Together, this and prior papers indicate that excitotoxicity and neuroinflammatory pathways have marked interactions [47] . Both have been implicated in the pathophysiology of many human neurodegenerative and psychiatric diseases [18, 48] . Developing drugs that effectively attenuate NMDA receptor function, such as memantine and lamotrigine, thus might prove useful in suppressing excitotoxicity as well as neuroinflammation in those conditions. In summary, our results showing upregulated protein and mRNA levels of IL-1b, TNFa, iNOS and GFAP in rat frontal cortex following chronic NMDA administration Fig. 2 mRNA levels of IL-1b , TNFa, iNOS and GFAP in frontal cortex of control rats (n = 6) and of chronic NMDAtreated rats (n = 6), measured using RT-PCR. Data are expressed as mRNA level in frontal cortex of chronic NMDA administered rats, normalized to the endogenous level of bglobulin mRNA, and relative to the control (calibrator), using the DDC T method (means ± SEM, *P \ 0.05, ***P \ 0.001) Neurochem Res (2008) 33:2318-2323 2321 support the hypothesis of cross-talk between excitotoxicity and neuroinflammation. In order to extend our conclusions and elucidate mechanisms of cross-talk, it would be useful to determine the regulation of neuroinflammatory markers whose mRNA levels were elevated by chronic NMDA, and also to determine expression of potentially relevant transcription factors, such as NF-jB p50 and p65 DNA-binding activities.
